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ABSTRACT 
Textile Reinforced Mortars (TRMs) have received extensive attention for externally bonded 
reinforcement of historical and masonry structures. Despite this recent attention, the available 
information on the test methods and mechanical performance of TRMs at different scales are 
limited. Extensive experimental results are still necessary for development of design formulas and 
application guidelines. This paper presents a multi-level experimental investigation on the 
performance of Steel Reinforced Grouts (SRGs) as a common TRM type. The focus is not only on 
the mechanical characterization but also the test methods and practical challenges. The tests 
include materials characterization, fiber-to-mortar bond characterization, tensile tests on TRM 
composite, and TRM-to-masonry bond characterization tests. The tests are performed on three 
different SRG systems made of pozzolanic lime-based and geopolymeric-based mortars as 
sustainable matrices for strengthening and restoration applications. 
Keywords: Textile Reinforced Mortar; Masonry; EBR Strengthening; Geopolymer mortar; Lime-
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1 Introduction 
Textile Reinforced Mortars (TRMs) have recently received extensive attention as a suitable 
replacement of conventional Fiber Reinforced Polymers (FRPs) for externally bonded 
reinforcement of masonry structures. TRMs provide several advantages in comparison to FRPs 
including physical and mechanical compatibility with the masonry substrate, acceptable 
performance under high temperatures and fire exposure, and low installation costs [1].  
TRM composites are made of continuous fibers embedded in an inorganic (cementitious or lime-
based) matrix. Cementitious mortars are usually used for application to new buildings or concrete 
structures and lime-based mortars are suggested for application to existing masonry and historical 
structures [1]. Several types of fibers including steel, glass, basalt and polyparaphenylene 
benzobisoxazole (PBO) are available in the market as the reinforcement. The large variety of 
available fibers and mortar types leads to a wide range of TRMs with different mechanical and 
physical properties. This has made the proposal of a unified design and application procedure a 
challenging task.  
Differently from cementitious-based TRMs that have been used for strengthening of RC structures 
for several years, see e.g. [2,3], application of TRMs for masonry and historical structures is rather 
recent. Fundamental information about short-term and long-term mechanical properties are still 
not available, and suitable design and analysis methods do not exist [1,4]. Standard test methods 
and constitutive models are also not available yet. Investigation of the mechanical behavior (tensile 
and bond performance), e.g. [8–10], and their effectiveness in improving the performance of 
masonry components, e.g. [5–7], have been the subject of some recent studies. The effectiveness 
of this strengthening technique is highly dependent on the mortar-to-substrate bond behavior, the 
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fiber-to-mortar bond behavior, and mechanical properties of the fibers and the matrix [3]. A deep 
understanding of these mechanisms is thus critical and is the main objective of this study. 
Among the large variety of available TRMs for application to masonry structures, Steel Reinforced 
Grouts (SRGs) are of particular interest due to their mechanical properties and bond efficiency. 
Application of SRGs on structural components has proved their efficiency in performance 
improvement, see e.g. [11–13]. The available results are still very limited at the material and 
composite level and mostly focused on the tensile or TRM-to-masonry bond behavior, see e.g. 
[10,14]. Further investigations at different levels/scales are necessary for deep understanding of 
the mechanics of these systems and development of unified design methods.  
This paper presents a multi-level experimental investigation on the performance of SRG 
composites applied to masonry bricks. Three SRG types composed of a commercial steel fiber 
embedded in different mortars (including two commercially available lime-based mortar and a 
laboratory-made geopolymeric-based mortar) are investigated. The tests include materials 
mechanical characterization, single fiber-to-mortar bond pull-out tests, tensile tests on SRG 
coupons, and SRG-to-masonry bond characterization tests. A detailed discussion on the test 
methods and procedures, the encountered challenges, and the obtained results are presented 
throughout the paper.  
 
2 Experimental program 
The experimental campaign was aimed at multi-level mechanical characterization of three SRG 
types used for strengthening of masonry and historical structures. The detailed description of the 
specimens and test methods are given in this section. 
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2.1 Materials 
Materials consisted of an extruded solid clay brick with dimensions of 200×100×50 mm3 as the 
substrate. The strengthening materials were composed of a commercial galvanized (zinc coated) 
carbon steel textile made of cords as the reinforcement and three mortar types as the matrix. 
According to the technical datasheets provided by the manufacturer, the steel cords were made of 
five twisted individual wire filaments (each cord having an effective area of 0.538 mm2 and weight 
of 670 g/m2). The selected mortars were two commercially available pozzolanic lime-based 
mortars with similar mechanical properties (denoted as A and B) and a geopolymeric-based mortar 
with a low mechanical properties (denoted as G). Mortar A (MAPEI Planitop HDM) was a two 
component mortar prepared by mixing the components with an electric mixer until reaching a 
consistent paste as proposed in the technical datasheets. Mortar B (BASF ALBARIA 
STRUTTURA) was a one component mortar prepared by mixing the mortar with water (each 1 kg 
of mortar with 0.23 liters of water) in an electric mixer. The geopolymeric-based mortar was 
produced in the laboratory based on activation of alkaline materials rich in silica and alumina. The 
mortar was obtained by a mixture of sand (1000 gr.), fly ash (280 gr.), sodium hydroxide (144 gr.), 
sodium silicate (144 gr.), selected based on previous experience of the authors. 
The combination of the steel reinforcement with the selected mortars led to three systems: 
 Lime-based pozzolanic mortar A reinforced with steel fiber mesh (SRGA) 
 Lime-based pozzolanic mortar B reinforced with steel fiber mesh (SRGB) 
 Geopolymeric-based mortar reinforced with steel fiber mesh (SRGG) 
2.2 Mechanical properties 
The mechanical properties of brick and mortar were obtained by performing compressive and 
flexural tests according to relevant test standards and procedures [15,16]. The brick specimens 
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were prepared, cleaned, washed, and dried in an oven before performing the tests. Mortar 
specimens were prepared by pouring the mortar in steel or plastic molds, demolding after seven 
days, and then keeping in laboratory conditions until testing. The tests on mortar specimens were 
performed at different ages (30, 60 and 90 days) to monitor the changes in mechanical properties 
along time. 
The compressive tests were performed on 40 mm cubic brick specimens (in the flatwise direction), 
and on cylindrical mortar specimens with 50 mm diameter and 100 mm height, see Fig. 1(a, b). 
Flexural three-point bending tests were also performed on mortar prismatic specimens with 
dimensions of 40×40×160 mm3, see Fig. 1(c). The remaining half of the prismatic specimens, after 
performing the flexural tests, were used to perform another set of compressive tests. Six specimens 
were prepared and tested for each material type and test condition. The average mechanical 
properties and the corresponding coefficients of variations (CVs) are presented in Table 1.  
It can be observed that the mechanical properties of all three mortar types are still increasing even 
after 90 days of curing showing that the pozzolanic/alkaline reactions have probably not finished 
yet. This observation has also been reported elsewhere in case of lime-based mortars [17,18]. 
Drying of the specimens with time may have led to reduction of required water for completion of 
pozzolanic reactions [19]. On the other hand, carbonation in lime mortars is a slow process and 
continues until several years until completion [20] which can be another the reason for the 
observed fluctuations in the mechanical properties. In general, Mortar A has a smaller elastic 
modulus, a comparable cylindrical compressive strength and a higher flexural tensile strength in 
comparison with Mortar B. Mortar G has the lowest mechanical properties among all three selected 
mortar types.  
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Direct tensile tests were performed on steel fabrics with dimensions of 50×450 mm (containing 
eight longitudinal cords) to obtain their tensile strength and elastic modulus. Aluminum tabs were 
glued to the ends of the specimens to ensure uniform stress distribution and prevent sliding in the 
gripping areas. The tests were performed with a universal testing machine, with a maximum load 
capacity of 200 kN and under displacement control conditions with a constant velocity of 
2 mm/min, see Fig. 1(d). The applied load was measured with the load cell integrated in the testing 
machine and the deformation was recorded by the internal LVDT and a 100 mm clip gauge 
mounted on the center of the specimens. The average tensile strength and Young’s modulus of the 
steel mesh were obtained as 3070 MPa and 190 GPa, respectively. 
 
    
(a) (b) (c) (d) 
Fig. 1. Experimental setups for materials’ mechanical characterization: (a) compressive test on brick; (b) 
compressive test on mortar; (c) flexural test on mortar; (d) direct tensile test on steel fabric. 
 
Table 1. Mechanical properties of brick and mortars (CV in round brackets). 
Material Age 
[days] 
fcm-cubic* 
[N/mm2] 
fcm-cylinder 
[N/mm2] 
Ecm 
[kN/mm2] 
ftm 
[N/mm2] 
Brick - 14.0 (4.0%) - Ex=8.51 (7.9%) 6.42 (11.2%) 
    Ey=4.14 (14.8%)  
Lime based pozzolanic A 30 9.78 (9.7%) 9.85 (13.4%)  5.00 (13.7%) 
 60 10.73 (6.7%) 10.79 (9.9%)  6.71 (20.8%) 
 90 13.21 (10.1%) 12.74 (11.8%) 3.25 (14.6%) 6.07 (15.2%) 
Lime based pozzolanic B 30 11.60 (13.4%) 12.66 (12.2%)  3.32 (5.4%) 
 60 14.19 (14.3%) -  3.68 (10.3%) 
 90 18.12 (12.8%) 12.42 (15.4%) 14.05 (28.0%) 3.43 (11.2%) 
Geopolymer mortar G 30 4.16 (13.8%) 5.22 (15.7%)  1.68 (2.6%) 
 60 3.63 (12.2%) 3.50 (21.4%)  1.68 (20.0%) 
 90 4.19 (13.8%) 6.48 (4.0%) 13.7 (9.35%) 1.23 (16.8%) 
*fcm-cubic is the cubic compressive strength; fcm-cylinder is the cylindrical compressive strength; Ecm is the compressive elastic modulus; and ftm is the 
flexural tensile strength.  
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2.3 Single fiber-to-mortar bond behavior 
Several test setups have been used in the literature for investigating the bond behavior between 
fibers and brittle matrices (such as epoxy resin or concrete), see e.g. [21–26]. One-sided or double-
sided pull-out tests are among the most conventional methods. The one-sided pull-out test, being 
more popular due to the simplicity of the test setup and specimen configuration, is used in this 
study.  
The specimens consisted of single steel cords embedded in mortar cylinders with 75 mm diameter 
and different heights (representing different bonded lengths) of 100, 150, 200 and 250 mm, see 
Fig. 2. The steel cords were initially placed inside PVC molds and were restrained at both ends, at 
the central section of the molds, to assure a straight alignment inside the specimens. The mortar 
was then poured in two layers inside the molds with special care. After addition of each layer, a 
vibrating table was used for suitably compacting the mortar to avoid any voids in the specimens 
especially near the fiber-to-mortar interface region. The specimens were prepared in laboratory 
conditions (20°C and 60% R.H.), demolded after seven days, and were stored in the same 
conditions for three months (counted from the preparation day) before testing. Five specimens 
were prepared for each mortar type and bonded length resulting in total 60 specimens. 
 
   
(a) (b) (c) 
Fig. 2. (a) Specimens prepared for pull-out tests; (b) geometrical details of the specimens; (c) test setup. 
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The tests were performed following the one-sided pull-out scheme by blocking the specimens to a 
rigid frame and pulling the fibers from their free end. A servo-hydraulic system with a maximum 
capacity of 20 kN was used for performing the tests, see Fig. 2(c). Aluminum tabs were glued at the 
fibers’ free end to facilitate gripping, see Fig. 2(b). The specimens were fairly clamped to the 
supporting frame to avoid any movements during the tests. The tests were driven under displacement 
control conditions with reference to the internal LVDT of the system by pulling the fibers with a 
velocity of 0.3 mm/min. The resultant load, measured by the load cell integrated in the testing 
machine, was divided by the cross section area of the dry fibers to calculate the applied stress. 
Displacements were recorded by the transducer of the testing machine. The slip of the fibers from 
the mortar was measured by an LVDT mounted on the fibers.  
Measurement of the slip in this test setup was found challenging due to the flexibility of the fibers 
and geometrical details of the test setup. Banholzer [27] embedded the fibers in a resin block to 
facilitate the gripping and slip measurements in one-sided pull-out tests. In the current study, the 
fibers were bare and the gripping was applied directly on the aluminum plates attached to the 
fibers. A small preload was thus applied to the fibers to reduce their flexibility and to facilitate 
attachment of the LVDT to the fibers. As it was not possible to attach the LVDT base in the vicinity 
of the mortar-to-fiber interface, it was mounted at a distance of l=20 mm from the mortar surface. 
The slip was then calculated as the recorded displacements minus the elastic elongation of the 
unbonded textile l,  being evaluated as the applied load divided by the section area and the 
Young’s modulus Es of the fiber. 
2.4 SRG tensile behavior 
Direct tensile tests were performed on SRG coupons to investigate their nonlinear tensile response 
and tension stiffening behavior. The geometrical details of the specimens are presented in Fig. 
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3(a). Prismatic specimens were manufactured, using wooden molds, with 10 mm thickness, 
200 mm length and 50 mm width. 150 mm length of the fibers were left out of the mortar at both 
ends to provide space for gripping. The textiles were placed in the middle and were pressed slightly 
inside the mortar with special care to ensure their linearity. Each coupon was made individually, 
that is, they were not cut from a larger plate. The specimens were demolded after seven days and 
were stored in laboratory conditions for 90 days before testing. Five specimens were prepared and 
tested for each SRG system leading to a total of 15 specimens. 
The tests were performed using a universal testing machine with maximum load capacity of 
200 kN under displacement control conditions. The experimental test setup is shown in Fig. 3(b). 
Aluminum tabs were used for application to the dry textile out of the matrix to provide an 
appropriate gripping area. The specimens were pulled monotonically with a constant velocity of 
0.3 mm/min. The load, measured by the load cell integrated in the testing machine, was divided 
by the cross section area of the dry textile to calculate the applied stress. Displacements were 
recorded by the transducer of the testing machine, that provided a global measure from end plate 
to end plate, and by LVDTs placed on the mortar matrix, with a 100 mm measurement base. 
Average strains were calculated in two different ways: (a) (The displacements recorded by 
transducer of the testing machine minus the elastic deformation of dry textile out of the mortar) 
divided by the mortar length. The elastic deformation of the dry textile was evaluated as (Young’s 
modulus, Es)×(textile cross section area, A)/(free textile length out of the mortar, L); (b) the 
recorded displacements by the LVDT placed on the mortar divided by the base length of the 
LVDT. The use of full-field measurement techniques (such as digital image correlation) is also 
interesting to record the displacement fields and crack development on the mortar surface which 
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can be transformed to mortar average tensile response [28]. The latter is out of the scope of this 
study and is not considered in this experimental campaign. 
Several gripping methods have been used in the literature for tensile characterization of textile 
reinforced mortars and concrete. In most cases, the grip is directly applied on the mortar surface. 
According to Hartig et al. [29], these systems can been classified to stiff and flexible according to 
the governing load transfer mechanisms. In the stiff method, a steel plate is glued on the mortar to 
prepare the gripping area. The main load transfer mechanism between the specimen and the grip in 
this system is shear and tension and no fiber slipping from the mortar occurs at the gripping area. In 
the flexible system, however, the load transfer between the specimen and the grip is based on friction, 
and slipping can occur in case if the friction is not sufficient. However, it should be noted that, 
according to the experimental results reported in the literature, avoiding slippage of the fibers is a 
complex task even in the stiff gripping systems. Application of high pressures to the specimens, 
necessary to avoid slipping, can lead to cracking, torsion or crushing of the specimens especially 
when the mortar thickness is small. On the other hand, there is also no practical way of controlling 
if the slip has really occurred or not in these systems. The slip, even in small amounts, can lead to 
incorrect calculation of stresses transferred to the steel fibers and thus miscalculations in the TRM 
tensile strength.  
The advantage of direct application of the grips on the dry textile, as is done in this study, is that 
slipping is completely avoided in the gripping area. Moreover, the applied stresses on the steel fibers 
can be correctly calculated as the loads are directly transferred from the grip to the fibers and then to 
the mortar and not from the mortar to the fibers. On the other hand, the load application in this 
gripping system is similar to the fiber pull-out and single-lap shear bond tests and the results are thus 
compatible. Moreover, the results provide a clear insight into the tension stiffening behavior of the 
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mortar and average response of fibers in TRM systems and thus can be used for development of 
constitutive laws. 
 
 
 
(a) (b) 
Fig. 3. (a) Geometrical details of fiber reinforced mortar specimens; (b) experimental setup for tensile 
characterization of SRG composites. 
 
2.5 SRG-to-brick bond behavior 
Single-lap shear bond tests were performed on SRG-strengthened bricks with the geometrical 
details presented in Fig. 4(a, b). The bonded length (Lb) was 150 mm (leaving a 40 mm unbonded 
length near the loaded end) and the width of the bonded area was 50 mm. Five specimens were 
prepared for each combination of mortar and fiber type resulting in total 15 specimens. 
The reinforcement was applied to one side of the brickwork following a standard wet lay-up 
procedure, according to the recommendations provided by the suppliers. The substrate was cleaned 
and dust was removed with an air compressor. The bricks were then immersed in water for 
24 hours to avoid absorption of water from the fresh mortar. A 5 mm thick layer of the mortar 
matrix was then applied on the bond area by means of aluminum frameworks. The textile was then 
placed by hand and pressed slightly into the fresh mortar, to allow its protrusion through the voids 
between cords/ropes. Finally, another 5 mm thick layer of the mortar was applied on top, leading 
to a total mortar thickness of 10 mm. The specimens were kept in the laboratory conditions for 
three months before testing.  
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(a) (b)  
Fig. 4. (a) Specimens prepared for single-lap pull out tests; (b) geometrical details of the specimens; (c) single-lap 
shear bond test setup. 
 
The tests were carried out with a single-lap scheme, by blocking the specimens and pulling the 
unbonded textile from above using a universal testing machine, see Fig. 4(c). A stiff supporting 
steel frame, that ensured the alignment between the tensile load applied to the unbonded textile 
and the middle plane of the reinforcement, was used to support the specimens. It was therefore 
ensured that the reinforcement-to-substrate interface was subjected to a pure shear stress at fibers-
to-mortar interface. For avoiding rotations of the specimens during test execution, the specimens 
were gripped at lateral sides. The unbonded textile was left dry, but its’ end was reinforced with 
aluminum plates for clamping to ensure that a uniform load was transferred to all the cords/ropes 
and avoid their premature rupture in the gripping area. 
The tests were driven under displacement control conditions with reference to the internal LVDT 
of the system. The strips were pulled monotonically with a velocity of 0.3 mm/min and the 
resulting load was measured by means of the internal load cell. The textile global slip was 
measured by means of two LVDTs mounted at the loaded end. One end of the LVDT was fixed to 
the substrate and the other one to the unbonded textile (making use of metal plates), at the vicinity 
of the bonded area. Measurement of the slip with LVDTs in these tests is rather challenging due 
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to the flexibility of the fiber fabric which can lead to inaccurate readings by LVDTs. A solution to 
this problem can be application of a preload to the specimens before starting the tests. Application 
of the so-called feature tracking method [28] seems also interesting for accurate measurement of 
the slip from the matrix. The latter is out of the scope of this study and is not considered here. 
 
3 Single fiber pull-out tests results 
The results were obtained in terms of force-slip curves and failure mode of the specimens. The 
envelope and average of force-slip curves are presented for all bonded lengths and mortar types in 
Fig. 5 to Fig. 7. The details of the experimental results obtained for each specimen are also 
presented in Table 2. The results, besides in some cases, have a low variation and thus the 
envelopes are tight. The tests were continued until the last stage of the softening range in the force-
slip curves (with around 40 to 50 mm fiber slip) with the exception of SRGA specimens with 
lb=200 mm in which the tests were stopped at 15 mm slip (due to practical problems with the 
hydraulic jack encountered during the tests).  
The failure mode of the specimens was slipping of the fiber from the mortar in all bonded lengths 
and mortar types, with the exeption of SRGB specimens with lb=200 mm in which the tensile 
failure of the fibers occurred. As the tensile strength of the fibers was less than the bond strength 
in these latter specimens, the SRGB specimens with lb =250 mm were not tested anymore as a 
similar behavior (failure mode and peak load) was expected. 
In all cases with fiber slipping failure mode, the observed force-slip behavior follows the typical 
response of fiber pull-out tests. The curves consist of three main stages [22,30–33]: (1) linear stage: 
in which the stresses are transferred from the fiber to the matrix without occurrence of any 
interfacial cracking. The recorded slip is the result of elastic deformation of the fiber and the elastic 
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shear deformation of the fiber-mortar interface; (2) nonlinear stage: initiation of this stage is 
corresponding to first breakage of chemical bonds between the fiber and the matrix and thus 
initiation of debonding. During this stage, the debonding progresses by increasing the slip, as 
chemical bonds break, until complete debonding of the fiber along the bond length; (3) softening 
stage: in which only frictional bond between the fiber and the matrix exists. The force gradually 
decreases in this stage with increment of slip due to the slippage of the fiber from the matrix. The 
force-slip curve of SRGB specimens with lb=200 mm, with fiber tensile rupture failure, consists 
of the first stage and a small portion of the second stage, as expected. 
 
  
(a) (b) 
  
(c) (d) 
Fig. 5. Experimental force-slip curves for SRGA system: (a) lb=100 mm; (b) lb=150 mm; (c) lb=200 mm; (d) 
lb=250 mm. 
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(a) (b) (c) 
Fig. 6. Experimental force-slip curves for SRGB system: (a) lb=100 mm; (b) lb=150 mm; (c) lb=200 mm. 
 
  
(a) (b) 
  
(c) (d) 
Fig. 7. Experimental force-slip curves for SRGG system: (a) lb=100 mm; (b) lb=150 mm; (c) lb=200 mm; (d) 
lb=250 mm. 
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Table 2. Results of single fiber pull-out tests on SRG systems*. 
Specimen 
Bonded length 
[mm] 
Fmax 
[kN] 
σmax 
[MPa] 
CV (%) 
Sp 
[mm] 
CV (%) s=fb/fs FM** 
SRGA 100 0.18 334.57 17.7 2.95 25.0 10.90% S 
SRGA 150 0.29 539.03 10.2 3.00 7.6 17.56% S 
SRGA 200 0.46 855.02 22.2 2.95 16.5 27.85% S 
SRGA 250 0.46 855.02 23.6 3.42 11.1 27.85% S 
SRGB 100 0.96 1784.39 17.5 2.98 6.8 58.12% S 
SRGB 150  1.17 2174.72 20.0 3.90 10.3 70.84% S 
SRGB 200 1.57 2918.22 8.8 2.91 22.0 95.06% R 
SRGG 100 0.26 483.27 16.2 3.07 16.3 15.74% S 
SRGG 150 0.50 929.37 14.1 3.97 19.5 30.27% S 
SRGG 200 0.61 1133.83 18.7 3.28 20.2 36.93% S 
SRGG 250 0.66 1226.77 11.4 3.53 11.9 39.96% S 
*Fmax is the peak force in force-slip curves; σmax is the Fmax divided be cross section area of the fiber; SP is the slip corresponding to Fmax, s is 
the bond efficiency factor. 
** S: slipping of the fiber from matrix; R: fiber tensile rupture 
 
The average force-slip curves for different bond lengths are compared in Fig. 8. It can be observed 
that the maximum pull-out force (Fmax) and the slope of the initial elastic region increase with bond 
length in all mortar types (until 200 mm bond length). On the other hand, no specific change in the 
peak slip (Sp) is observable, see Table 2. 
The Fmax in SRGA and SRGG specimens increases only until bond length of 200 mm. This 
indicates that the effective bond length, le, is in the range of 200 mm<le<250 mm in these systems. 
Razavizadeh et al. [14] also obtained a similar numerical value for the effective bond length in a 
similar SRG system. On the other hand, the Fmax in SRGB specimens increases until fiber tensile 
rupture at 200 mm bond length. The tensile rupture of the steel fiber in SRGB shows the effective 
bond length is in the range of 150 mm<le,<200 mm. The Fmax in SRGB specimens is always higher 
than SRGA which can be attributed to the higher elastic modulus of mortar B and the different 
bond mechanisms existing in these two systems. On the other hand, the bond strength in SRGG 
system is comparable to SRGA system, although mortar G has a lower mechanical properties than 
mortar A. 
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Table 2 shows the bond efficiency, defined as the ratio of Fmax to the tensile strength of the fiber, 
is highest in SRGB system in comparison to the other SRG systems. A detailed microstructural 
analysis of bond in the systems under study is interesting in better understanding the mechanisms 
affecting the bond efficiency and is proposed for future investigations. 
 
   
(a) (b) (c) 
Fig. 8. Average force-slip curves for: (a) SRGA; (b) SRGB; (c) SRGG. 
 
4 Tensile tests results 
The average tensile stress-strain curves and the envelope of the experimental results are presented 
in Fig. 9. The scatter of the experimental results is again relatively low. The average is made of 
five valid test results for SRGA and SRGG systems and four valid test results for SRGB system. 
One of the SRGB specimens cracked during preparation of the test setup and therefore is not 
considered here. As explained before, the curves represent the fibers stress versus the average 
strain of the fibers embedded in the mortar. The presented stress-strain curves can thus be 
considered as the average response of embedded fibers and can thus be used as input for numerical 
modeling purposes [34]. 
The tensile response of textile reinforced mortars usually consists of three stages [10,29,35–37]: 
(I) un-cracked stage, in which the mortar matrix contributes to both load bearing capacity and 
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properties; (II) crack development, during which the cracks develop progressively. The well-
known tension stiffening effect due to the bond between reinforcement and matrix is active in this 
stage; and (III) cracked, in which the crack pattern is completely developed. Due to the loss of 
interaction between the reinforcement and the matrix in this stage, the tensile curve settles on the 
elastic modulus of the dry fibers. However, the stiffness of the curve in this stage is usually less 
than that of the dry fibers. The imperfect bond between the yarn the and the matrix [38], or non-
uniform distribution of stresses between the cords can be the reasons for this phenomenon. 
Soranakom and Mobasher [38] proposed axial stiffness efficiency factors in the range of 0.35~1.0 
to account for this effect. It should be noted that the existence of all these stages in the tensile 
response depends on several factors including (i) the system properties such as tensile strength and 
the Young’s modulus of the matrix, the layout of the fabric, the cord/fiber-to-mortar bond 
properties [1,10,29,37] and (ii) the test setup.  
As for the SRG systems used in this study, the first and third stages are clearly identifiable in all 
the experimental results. A smooth transition from Stage I to III can also be observed in SRGA 
and SRGG systems (representing stage II). However, this transition is not clear in SRGB system. 
This observation, also reported in De Santis and de Felice [10] for SRG coupons made of a lime-
based mortar, can be due to several reasons including existence of a weak cord-to-matrix 
interlocking mechanism, low mortar mechanical properties, early cracking of the mortar, etc.  
The weak cord-to-matrix interlocking is probably not the case as the single fiber pull-out tests 
showed the SRGB system has the highest bond strength, see Fig. 8. However, this comparison 
between the pull-out test and tensile test results should be made with special care. The bond 
mechanisms are probably different in these two specimen types due to the differences in the matrix 
size and the reinforcement configuration. The tensile test specimens have smaller mortar thickness 
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and are reinforced with fabric (rather than a single fiber) containing eight steel fibers connected 
with a plastic mesh in the transverse direction. This plastic mesh, which is provided for 
conservation of the mesh structure, can affect the bond behavior. The differences between the 
single fiber-to-mortar and fabric-to-mortar bond behavior needs to be clarified and better 
investigated in the future studies.  
No clear conclusion can also be made about the effect of mortar mechanical properties on the 
observed tensile response. Mortar G has the lowest flexural tensile strength, see Table 1, but the 
tensile response of SRGG system is composed of a clear three stage behavior. It therefore seems 
that other factors may have resulted in this observation in the SRGB system. Early cracking of the 
mortar (due to workmanship problems or drying shrinkage), mortar thickness variations, or the 
non-uniform application of stresses between the fibers are among the factors that can lead to such 
a behavior.  
The detailed results of direct tensile tests are presented in Table 3 in terms of the stress and the 
strain of the transition points between stages I and II (I, I) and between stages II and III (II, II), 
the peak stress (t) and strain (t), and the Young’s modules in each stage (EI, EII, EIII). The values 
are obtained based on the experimental results and are subjected to measurement errors due to the 
fact that they are usually representative of a region rather than a specific point (such as I, II). EI 
is obtained as I/I, EII as (II-I)/(II-I), and EIII as the linear slope of the curve in the third stage. 
The values related to stages I and II are not calculated and presented for SRGB system as the 
transition stage was not clear in these specimens. The obtained values for SRGA and SRGG 
systems are very similar in all three stages. The tensile strength is however slightly different which 
can be due to the lower mortar-to-cord bond strength and non-uniform distribution of stresses on 
the fibers in SRGA system (which led to individual failure of some fibers during the tests). The 
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average tensile strength is 2627 MPa, 3137 MPa, and 2948 MPa for SRGA, SRGB, and SRGG 
systems representing efficiency factors of 0.86, 1.00 and 0.96, respectively. The elastic modulus 
of all three systems in the third stage, EIII, is also similar and lower than the bare fibers. This value 
is 124 GPa for SRGA and SRGG and 139 GPa for SRGB systems representing a 0.65 and 0.73 
efficiency factors, respectively. Although all three SRG systems show an acceptable tensile 
response, it seems that SRGB and SRGG systems have the best performance in terms of utilization 
of the reinforcement tensile strength. 
 
   
(a) (b) (c) 
Fig. 9. Experimental tensile response of tested SRG systems: (a) SRGA; (b) SRGB; (c) SRGG. 
Table 3. Results of direct tensile tests on SRG systems*. 
Specimen 
Stage I Stage II Stage III 
I  I  EI  II  II  EII  t  t  EIII  
[N/mm2] [%] [kN/mm2] [N/mm2] [%] [kN/mm2] [N/mm2] [%] [kN/mm2] 
SRGA-1 404 0.14 293 537 0.32 74 2428 2.22 132 
SRGA-2 328 0.16 209 515 0.38 83 2752 2.87 119 
SRGA-3 280 0.13 215 558 0.32 146 2890 2.59 119 
SRGA-4 410 0.15 268 592 0.32 108 2514 2.46 138 
SRGA-5 376 0.14 269 500 0.40 48 2557 2.51 111 
Average 360 0.14 251 540 0.35 92 2628 2.53 124 
CV 15.30% 7.76% 14.63% 6.71% 11.43% 40.74% 7.17% 9.28% 8.84% 
SRGB-1 - - - - - - 3157 2.21 131 
SRGB-2 - - - - - - 3204 2.28 148 
SRGB-3 - - - - - - 3010 1.98 130 
SRGB-4 - - - - - - 3176 2.26 147 
Average - - - - - - 3137 2.18 139 
CV - - - - - - 2.76% 6.33% 7.07% 
SRGG-1 366 0.18 206 505 0.417 58 2763 2.95 102 
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SRGG-2 321 0.17 191 496 0.320 115 2927 2.54 132 
SRGG-3 387 0.17 225 591 0.394 92 3077 2.69 131 
SRGG-4 369 0.18 201 618 0.494 80 3057 2.82 138 
SRGG-5 317 0.19 166 513 0.375 107 2916 2.93 118 
Average 352 0.18 198 545 0.400 90 2948 2.79 124 
CV 8.87% 5.16% 10.93% 10.25% 15.90% 24.83% 4.30% 6.18% 11.59% 
* Failure mode in all the specimens was tensile rupture of the fibers  
 
5 SRG-to-brick bond tests results 
The results of the shear bond tests are obtained as the peak reinforcement stress (fb), the 
corresponding load per unit width (Fb), the slip at peak (sp), and the exploitation ratio of the 
reinforcement tensile strength ((s=fb/fs). The data are presented in Table 4 together with the 
observed failure modes according to the following classification, see Fig. 10: debonding with 
cohesive failure of the substrate (A), debonding at the matrix-to-substrate (B) or at the textile-to-
matrix (C) interface, textile slippage within the matrix without (D) or with (E) cracking of the outer 
layer of mortar (very similar to each other and sometimes barely distinguishable both being 
governed by sliding of the cords/ropes), and, finally, tensile rupture of the textile out of the bonded 
area (F). It should be noted that the association of a unique failure mode to the specimens is a 
challenging task as a combination of different failure modes was observed in many test samples. 
The envelope and average of experimental force-slip curves are presented in Fig. 11. 
 
Table 4. Results of single-lap shear bond tests on SRG systems. 
Specimen F [kN] 
fb 
[N/mm2] 
Fb [kN/m] CV (%) sp [mm] CV (%) s=fb/fs FM 
GA 5.29 1229.09 105.80 16.8 1.51 37.1 40.0% d 
GB 4.42 1026.95 88.40 13.7 0.95 19.4 33.5% d-c 
GG* 1.80 418.22 36.00 23.0 1.51 42.8 13.6% c-b-e 
*The presented values in this row are the average of four valid test results 
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Fig. 10. Schematic presentation of the failure modes in shear bond tests. 
 
   
(a) (b) (c) 
Fig. 11. Experimental force-slip curves of the strengthened specimens: (a) GA; (b) GB; (b) GG. 
 
The GA reinforcement displayed a peak reinforcement stress (fb) of 1229.09 N/mm
2 (CV=16.8%), 
corresponding to an exploitation ratio of s=40.0% and to a load per unit width of 105.8 kN/m, see 
Table 4. No relation is observed between the bond strength in single-lap shear bond tests (GA 
specimens) and single fiber pull-out tests (SRGA specimens). It can be observed that the 
exploitation ratio in GA specimens is more than double than that of single fiber specimens (SRGA 
with lb=150 mm). Several factors can be the reason for this observation including: (1) a better bond 
performance in GA specimens because of the transverse plastic mesh; (2) possible imperfections 
in bond in SRGA specimens leading to a lower bond strength in those specimens; (3) although the 
specimens are cured for the same time and conditions, the size differences may lead to a different 
degree of curing and thus bond strength. However, a concrete conclusion can only be made if these 
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tests are combined with a deep microstructural analysis and additional tests on the effect of 
transverse plastic mesh on the bond strength. These latter are out of the scope of this paper and are 
proposed for future studies. 
The force-slip response, see Fig. 11(a), presents a relatively ductile behavior which is associated 
to the observed failure mode in GA specimens. The curve is composed of an initial stiff phase up 
to a slip of about 0.5 mm (in the average curve), followed by slippage of the textile out of matrix 
with a slight increase in resisting stress (the curves are basically horizontal). Finally, the stress 
decreases at a slip of about 2.0 mm corresponding to occurrence of slip at the free end of the 
specimens. It should be noted that the slip at peak (sp) of the average curve, Fig. 11(a), is (around 
2 mm) slightly different than the average of peak slips presented in Table 4 (1.51 mm). This 
difference has occurred due to the averaging method adopted for presenting the force-slip curves. 
The average peak slip in GA specimens is slightly lower than the single fiber pull-out tests (3 mm 
in SRGA with lb=150 mm). 
The GB reinforcement displayed a peak reinforcement stress (fb) of 1026.95N/mm
2 (CV=13.7%) 
corresponding to an exploitation ratio of s=33.5% and to a load per unit width of 88.4kN/m, see 
Table 4. This value is slightly less than GA reinforcement. The failure mode was initially mode 
(d) followed by failure mode (c) near the end of the tests. The stress-slip response curve, see Fig. 
11(b), presents a different shape in comparison to GA specimens, possibly, due to the activation 
of failure mode (c). The stress decreases in this case after reaching the peak stress (corresponding 
to a peak slip of sp=0.95 mm). The peak stress in these specimens is much less than the peak stress 
developed in the single fiber specimens (SRGB with lb=150 mm) which is due to the different 
observed failure modes. In GB specimens, the early occurrence of mode (c) has led to a lower 
employment ratio of the fibers’ capacity in comparison to SRGB specimens.  
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The GG reinforcement had a peak reinforcement stress (fb) to of 418.22 N/mm
2 (CV=23.0%) 
corresponding to an exploitation ratio of s=13.6% and to a load per unit width of 36.0 kN/m, see 
Table 4. The shape of the force-slip response, see Fig. 11(c), is similar to GA specimens with a 
significantly lower peak stress but a similar slip at peak (around 1.8 mm). The failure mode was a 
combination of modes (c, b, e) showing that the bond performance between the mortar and the 
substrate was the weakest link in this system. Further investigations are thus necessary for 
improvement of the geopolymeric mortar-to-brick bond strength. Again, due to the different failure 
modes observed in GG and SRGG specimens (single fiber pull-out tests), the results are not 
comparable.  
A combination of factors can affect the bond strength and the failure mode of these systems [1,2], 
including (i) the strength of the textile and the cord-to-mortar bond/interlocking, (ii) the 
mechanical properties of the mortar matrix, (iii) the roughness of the substrate, and (iv) the 
experimental setup and the manufacturing and curing conditions. As in the current study the only 
difference between the specimens is the mortar, the influencing factors are the matrix mechanical 
properties, fabric-to-mortar bond behavior, and curing kinetics of the mortars. The results indicate 
that the properties of the matrix can significantly affect the bond performance in SRG systems. 
 
6 Conclusions 
A multi-level experimental characterization of three steel reinforced grout (SRG) systems, made 
of two commercially available lime-based mortars and a geopolymeric-based mortar, was 
presented in this study. The following conclusions can be drawn from the observation and 
presented results:  
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 Single-fiber pull-out tests showed that the matrix (mechanical, physical and chemical 
properties) can affect the effective bond length and the bond performance (force-slip curves, bond 
strength, etc.) in SRG systems. Single-sided pull-out test setup was found simple but with specific 
challenges such as slip measurements. Improvements in the measurement system when LVDTs 
are used (such as use of a resin block as reported in [27]) or use of advanced measurement 
techniques (such as feature tracking method [28]) should thus be considered. Future studies on 
pull-out behavior of fabrics embedded in mortar and on the effect of transverse fibers on the bond 
performance are necessary for development of suitable constitutive models. 
 Tensile tests showed the tensile response of SRGs is mainly governed by the fibers 
properties (with an average stiffness of around 70% of the dry fibers stiffness). The tension 
stiffening behavior and cracking of the mortar was also observed to be dependent on the mortar 
mechanical properties and the fiber-to-mortar bond behavior. Direct application of the gripping 
system on dry textile fibers with the aim of aluminum plates was found to be advantageous in 
comparison to other application methods. In this system: (i) the slippage of fibers from the gripping 
area is completely avoided; (ii) the applied stresses can be directly and accurately calculated and 
(iii) the results provide the average response of embedded fibers which can be used for calculation 
of the tension stiffening effects.  
 Single-lap shear bond tests showed the TRM-to-brick bond behavior can be significantly 
affected by the mortar properties and mortar-to-masonry bond strength. The bond strength, failure 
mode and force-slip curves varied widely with mortar type.  
 No specific correlation was found between the results obtained from single fiber-to-mortar 
bond tests and TRM-to-brick bond tests. This can be due to several factors including the effect of 
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transverse plastic mesh as well as the differences in mortar thickness, boundary conditions and 
curing degree. 
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